The molecular mechanisms linking environmental exposures to earlier pubertal development are not well characterized. Epigenetics may play an important role, but data on the relationship between epigenetic marks and puberty, particularly in humans, is limited. Methods: We used pyrosequencing to measure Alu and long interspersed nucleotide elements (LINE-1) methylation in DNA isolated from whole blood samples collected from newborns and 9-y-old children (n = 266). Tanner staging was completed six times between ages 9 and 12 y to determine pubertal status, and hormone levels were measured in 12-y-old boys. results: Among girls, we observed a suggestive trend of increased odds of breast and pubic hair development with higher Alu and LINE-1 methylation in 9-y-old blood, respectively. The strongest association identified was an inverse association of LINE-1 methylation in 9-y-old girls with odds of experiencing menarche by age 12 (OR (95% CI): 0.63 (0.46, 0.87); P = 0.005). We observed a consistent inverse relationship for Alu and LINE-1 methylation at 9 y with luteinizing hormone (LH), testosterone and follicle-stimulating hormone levels in boys but it was only significant between LINE-1 and LH. conclusion: DNA methylation of Alu and LINE-1 may be involved in puberty initiation and development. This relationship should be confirmed in future studies. t he average age of puberty development in girls, as marked by onset of breast development and menarche (1,2), has been decreasing in recent years and there is some evidence that age at puberty may also be decreasing in boys (3). These trends have public health significance since timing of puberty can affect health later in life. For instance, earlier puberty in girls has been associated with increased risk of behavior problems, breast cancer, and all-cause mortality among other adverse health outcomes (4,5). In girls, risk factors for earlier puberty include increased body weight (6), paternal absence, and family stressors (5,7). Though data is more limited, a few studies suggest BMI may also be associated with earlier puberty in boys (8,9). Genome-wide association studies (GWAS) have identified several loci related to pubertal timing in girls and more recently also in boys, but these genetic variants explain only a small percentage of the variation in timing of menarche, breast, and genital development (8,10). Exposure to endocrine-disrupting chemicals like the pesticide dichlorodiphenyltrichloroethane, bisphenol-A, and phthalates have also been associated with puberty timing, though findings have been inconsistent (11). The molecular mechanisms through which these factors can affect pubertal timing are not well characterized and there is a growing consensus that epigenetics may play an important role. Epigenetic modifications regulate gene expression without DNA sequence modifications and can be heritable. Some examples include DNA methylation, histone modifications, and noncoding RNAs. Since epigenetic marks are malleable to environmental conditions like nutrition, chemical exposure, and social stressors, researchers have been particularly interested in them as potential biological mechanisms through which the environment can affect health (12). Furthermore, early development in utero and during the neonatal period is considered a critical window in which the epigenome may be particularly sensitive to the environment (13, 14) . DNA methylation of repetitive elements, Alu, and long interspersed nucleotide elements (LINE-1), have been extensively utilized in population studies to assess relationships of methylation profiles with exposures and/or health outcomes because this method is informative and cost effective (15, 16) .
t he average age of puberty development in girls, as marked by onset of breast development and menarche (1, 2) , has been decreasing in recent years and there is some evidence that age at puberty may also be decreasing in boys (3) . These trends have public health significance since timing of puberty can affect health later in life. For instance, earlier puberty in girls has been associated with increased risk of behavior problems, breast cancer, and all-cause mortality among other adverse health outcomes (4, 5) . In girls, risk factors for earlier puberty include increased body weight (6) , paternal absence, and family stressors (5, 7) . Though data is more limited, a few studies suggest BMI may also be associated with earlier puberty in boys (8, 9) . Genome-wide association studies (GWAS) have identified several loci related to pubertal timing in girls and more recently also in boys, but these genetic variants explain only a small percentage of the variation in timing of menarche, breast, and genital development (8, 10) . Exposure to endocrine-disrupting chemicals like the pesticide dichlorodiphenyltrichloroethane, bisphenol-A, and phthalates have also been associated with puberty timing, though findings have been inconsistent (11) . The molecular mechanisms through which these factors can affect pubertal timing are not well characterized and there is a growing consensus that epigenetics may play an important role. Epigenetic modifications regulate gene expression without DNA sequence modifications and can be heritable. Some examples include DNA methylation, histone modifications, and noncoding RNAs. Since epigenetic marks are malleable to environmental conditions like nutrition, chemical exposure, and social stressors, researchers have been particularly interested in them as potential biological mechanisms through which the environment can affect health (12) . Furthermore, early development in utero and during the neonatal period is considered a critical window in which the epigenome may be particularly sensitive to the environment (13, 14) . DNA methylation of repetitive elements, Alu, and long interspersed nucleotide elements (LINE-1), have been extensively utilized in population studies to assess relationships of methylation profiles with exposures and/or health outcomes because this method is informative and cost effective (15, 16) .
Methylation of Alu and LINE-1 repeats represents up to 50% of global genomic methylation (17) , with approximately 1.4 million Alu repetitive elements and half a million LINE-1 elements interspersed throughout the human genome. Hypomethylation of these retrotransposable elements has been associated with genomic instability and is therefore biologically relevant (18, 19) . Furthermore, methylation changes in response to environmental exposures can vary between Alu and LINE-1 elements (16, 20) , supporting the concept that LINE-1 and Alu methylation each represent distinct measures of methylation in different parts of the methylome (21, 22) .
Recent animal studies observed that the release of gonadotropin-releasing hormone, which coincides with the initiation of puberty, may be influenced by changes in DNA methylation, providing evidence of epigenetic control on pubertal development (23) . Only a few studies have examined associations of repetitive element methylation with pubertal status or hormone levels. LINE-1 and Alu methylation were not associated with hormone levels in healthy female adults (24) . Among postmenopausal women, a significant inverse association of LINE-1 methylation with hormone levels was observed only in women with low folate levels (25) . To our knowledge, no studies of repetitive element methylation and pubertal timing or hormone levels have been reported in adolescent children. The purpose of the present study is to examine the relationship of Alu and LINE-1 repetitive elements in fetal and child blood with puberty status and hormone levels in participants of the Center for Health Assessment of Mothers and Children of Salinas (CHAMACOS), a longitudinal birth cohort study. Table 1 summarizes CHAMACOS maternal and child characteristics. The majority of mothers were low-income and relatively young. Most did not smoke or drink alcohol during pregnancy and many either worked in agriculture (41%) or lived with someone that worked in agriculture (82%). The sex distribution of children included in this analysis was relatively even. Among girls, 39% had initiated puberty as measured by breast development (Tanner Stage >1) at age 9 and 58% had begun menses by age 12. Among 10.5-y-old boys, 51% had experienced pubertal onset as indicated by genital development (Tanner Stage > 1). Figure 1 shows the distribution of follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone (T) among 12-y-old boys. Levels of all three hormones were well within published reference ranges. The mean ± SD for FSH, LH, and T were 2.79 ± 1.36 mIU/ml, 2.47 ± 1.54 mIU/ml, and 157.89 ± 167.32 ng/dl, respectively. LH was significantly Pubertal development is shown at the age at which close to half of the children have begun development. For girls, it was ages 9, 10.5, and 12 y for breast, pubic hair, and menarche, respectively. For boys, it was 10.5 and 12 y for genital and pubic hair development, respectively. Figure 1 . Distribution of hormone levels in 12-y-old CHAMACOS boys (n = 91). In panel a, luteinizing hormone (LH) (mIU/ml) and follicle-stimulating hormone (FSH) (mIU/ml) in CHAMACOS boys are shown using dashed and solid lines, respectively. Testosterone in CHAMACOS boys is shown in panel b using a solid line. Reference levels of LH range from 0.3 to 6.0 mIU/ml in prepubertal boys and 1.6 to 12 mIU/ml in adult males. FSH reference levels range from 0.5 to 10.5 mIU/ml in 14-y-old boys. Reference levels of testosterone range from 7 to 800 ng/dl at age 12 and from 100 to 1,200 ng/dl at age 15-18 y in males. 
RESULTS

Hormone Levels in 12-Y-Old Boys
DNA methylation and puberty
Articles correlated with both T (r = 0.62, P < 0.0005) and FSH (r = 0.42, P < 0.0005). T and FSH, however, were only weakly correlated with each other (r = 0.18, P = 0.09). As expected, boys who had entered more advanced stages of pubertal development by age 10.5 y also had higher mean hormone levels at age 12 y as summarized in Table 2 . This was particularly strong for T, where levels more than tripled in boys who had reached or surpassed G2 or PH2.
DNA Methylation
LINE-1 methylation ranged 74.4 to 82.4 %5mC in cord blood and from 75.4 to 82.0 in 9-y-old children. Means and SD (mean ± SD) were 78.8 ± 1.5 and 78.4 ± 1.3 %5mC for cord blood and 9-y-old children, respectively. Alu methylation ranged from 22.9 to 27.0 and from 22.4 to 27.4 %5mC in newborns and 9-y olds, respectively. Means and standard deviations for Alu methylation levels were nearly identical at both ages: 25.3 ± 0.7 %5mC. Methylation levels in umbilical cord blood were not correlated with methylation levels in 9-y-old blood for either LINE-1 or Alu repeats as reported previously (26) . Furthermore, levels of Alu and LINE-1 methylation were not correlated with each other at either time point.
DNA Methylation and Pubertal Development
We did not find any significant associations between cord blood methylation and puberty status in girls or boys ( Table 3) . Among girls, LINE-1 methylation in age 9 blood was associated with decreased odds of having experienced menarche by age 12 (P = 0.005; Figure 2 ; Table 4 ). LINE-1 and Alu methylation in 9-y-old boys were not significantly associated with odds of genital or pubic hair development ( Table 4) .
DNA Methylation and Hormone Levels
We also determined associations of Alu and LINE-1 methylation with hormone levels measured in serum collected from 12-y-old boys ( Table 5) . We found a marginally significant positive relationship between Alu methylation in umbilical cord blood and levels of T (β = 0.67; 95% CI: −0.05, 1.39). In contrast, we observed a consistent inverse relationship between Alu and LINE-1 methylation at age 9 with all three hormone levels. However, these relationships only reached statistical significance for LINE-1 and ln LH (P = 0.05, Figure 3 ). When we removed outliers in this model (n = 3) for sensitivity analyses, the association became more significant (β = −0.17; 95% CI: −0.32, −0.03; P = 0.02).
DISCUSSION
In this study, we examined the association of repetitive element methylation with puberty status and hormone levels in CHAMACOS children. Although we did not observe significant associations of cord blood methylation with puberty status, we did find the DNA methylation in 9-y-old girls was inversely associated with odds of entering menarche by age 12.
Testosterone levels in 12-y-old boys were positively associated with cord blood Alu methylation, while all three hormone levels measured (T, LH, and FSH) at age 12 were inversely associated with Alu and LINE-1 methylation at child age 9.
To our knowledge, no other studies have examined associations of pubertal status and hormone levels with repetitive element methylation in adolescent children. One study in adults corroborates our findings related to menarcheal age (27) . Demetriou and colleagues found that global methylation measured by luminometric methylation assay was inversely associated with menarcheal age. While the luminometric methylation assay covers methylation in CpG island promoters and repetitive elements, the study's authors suggested that the relationship was likely driven by repetitive elements. Box plot of LINE-1 methylation in 9-y-old blood by menarche status at age 12. On average, girls who had reached menarche by age 12 y also had lower LINE-1 methylation at age 9 (P = 0.005) after controlling for maternal age of menarche and child BMI Z-score at age 12. The black dot in the box plot for Menarche by 12 y represents an outlier. 
DNA methylation and puberty
Articles
Limited data also suggest that site specific methylation may also be linked to pubertal timing. For example, one human study has also reported an inverse association of early breast development with site-specific methylation of saliva DNA in CYP19A1, a gene involved in estrogen biosynthesis, among overweight girls (28).
The mechanistic link of methylation of repetitive elements with pubertal timing and hormonal levels is not yet clear. Differences in DNA methylation have previously been associated with a variety of exposures ranging from persistent organic pollutants to diet and adversity (29) (30) (31) . It is possible that epigenetics is the mediator of environmental or other exposures Articles Huen et al.
that are resulting in earlier puberty as observed in girls over the last few decades. Interestingly, in our study, pubertal timing was associated with methylation in 9-y-old blood but not in cord blood, suggesting that physiological changes or exposures after birth and during childhood may be influencing pubertal timing. As with most population studies, the associations we identified indicate correlation, but not necessarily causation. Thus, it is important to note that the physiological changes occurring during pubertal development could also influence the methylation differences observed in CHAMACOS 9 y olds. This study had some limitations. Methylation measurements were made in blood, which can be biased by cell heterogeneity. In sensitivity analyses, we ran models adjusting for white blood cell composition in the subset of samples with cell count data available as previously described (32) . Results remained relatively unchanged suggesting that cell heterogeneity was not a significant source of bias in these models (data not shown). Our study was limited to Mexican-American children from low income families. In the future, it will be important to confirm findings in other cohorts. Finally, our analyses of hormone levels were limited only to boys (due to availability of funds), for whom we did observe a suggestive relationship of testosterone levels with DNA methylation.
There is a growing consensus that epigenetics may play a significant role in timing of pubertal development (23, 33) yet few studies, particularly in humans, have examined these relationships. We found suggestive evidence of associations of DNA methylation of repetitive elements with pubertal timing and hormone levels in adolescent children. The strongest relationship observed was an inverse association between LINE-1 methylation and odds of experiencing menarche by age 12 in girls. These findings suggest a potential role for repetitive element methylation in relation to puberty initiation and development that should be confirmed in future studies.
METHODS
Study Subjects
CHAMACOS is a longitudinal birth cohort study of the effects of pesticides and other environmental exposures on pregnant MexicanAmerican women and their children living in the agricultural Salinas Valley, California. Eligibility criteria for enrollment of pregnant women included: ≥ 18 y of age, less than 20 wk gestation, Spanish or English speaking, eligible for low-income health insurance, receiving prenatal care at one of the participating community clinics, and planning to deliver at the local public hospital. From 1999-2000, we enrolled 601 pregnant women, of whom 526 were still enrolled at delivery of a live, singleton newborn (34) . CHAMACOS women were interviewed by bilingual, bicultural interviewers twice during pregnancy (~13 and 26 wk gestation) to obtain information on various characteristics including sociodemographics, mother's reproductive and medical history, lifestyle exposures during pregnancy, diet, occupational and residential history, exposures to pesticides and other environmental chemicals, and housing quality. Assessments of the children's growth and development were conducted at multiple time points through age 12 y. Clinical Tanner staging of pubertal development was conducted every 9 mo between ages 9 and 12 y by trained examiners.
Alu and LINE-1 DNA methylation were measured in blood samples collected from children at delivery (umbilical cord blood representing fetal blood) and when they were 9 y old (mean = 9.3 y, SD = 0.3). Our study sample included a total of 266 children (140 girls and 126 boys) who had DNA samples available for methylation analysis at birth and/or age 9 and also had information on Tanner staging at ages 9, 10.5, and 12 y. Among the 266 children, 134 had methylation at both time points while 21 children had only cord blood measurements and 111 had only age 9 blood measurements. Sample sizes for methylation measurements were higher at age 9 because these children were more likely to have Tanner staging assessments at ages 9 through 12. Of the 126 boys included in analyses, 91 also had morning serum specimens collected at age 12 that were assessed for hormone levels. Study protocols were approved by the University of California, Berkeley Committee for Protection of Human Subjects. Written informed consent was obtained from all mothers and assent was provided by the children at the 9-, 10.5-, and 12-y assessments.
Cord Blood Collection and Processing
Blood specimens from CHAMACOS children were collected from umbilical cords shortly after delivery and also by venipuncture when children were assessed at ages 9 and 12. Whole blood was collected in BD vacutainers (Becton, Dickinson and Company, Franklin Lakes, NJ) containing no anticoagulant. Vacutainers were centrifuged and separated components were subsequently divided into serum and clot aliquots that were stored at −80 °C.
DNA Methylation Analyses
Isolation of DNA from clots was performed using a QIAamp Blood DNA Maxi kit (Qiagen, Hilden, Germany) as described previously (35) . Bisulfite conversion of 500 ng of DNA was carried out using EpiTect Bisulfite Conversion Kits (Qiagen, Germantown, MD) and eluted into 20 μl Elution buffer. A non-CpG cytosine residue was used as an internal control to confirm bisulfite DNA conversion efficiency (99%). To analyze Alu and LINE-1 methylation status, we used a Pyromark Q96MD System (Qiagen) for pyrosequencing of PCR-amplified and bisulfite-treated DNA samples (17, 36) . The Alu and LINE-1 assays reports four CpG sites for all Alu and LINE-1 repeats across the genome. While the previously published method for Alu as described by Yang et al. (17) reported only three CpG sites, we were able to report methylation levels at the same three sites and also include one additional site because pyrosequencing read lengths have improved in the past few years. Repetitive element methylation (%5-mC) was calculated using Pyro Q-CpG Software (Qiagen). All samples were run in triplicate for each time-point/subject.
Quality assurance procedures included use of internal standards, repeats, and positive and negative controls for minimization of technical variability. All sample plates were run on the same day to ensure low batch variability. To further minimize experimental bias, all plates contained randomized encoded samples from different age groups. For Alu and LINE-1 triplicate measures, the coefficients of variation (CV) were 5 and 3%, respectively. CV's for intraplate replicates were in the same range.
Child Anthropometric Measurements
Children's height and weight were measured at each visit. Height without shoes was measured using a stadiometer. Height measurements were performed in triplicate and then averaged. Child weight was determined using a calibrated Tanita electronic scale Model 1582 (Tanita, Tokyo, Japan). To ensure reliability, periodic refresher trainings were performed and measurements were compared among interviewers. BMI, calculated as weight divided by height 2 (kg/m 2 ) was compared to CDC reference data (37) to generate BMI Z-scores standardized by sex and age.
DNA methylation and puberty
Articles beginning at age 9, the girls were asked if they had started menstruating. For boys, stages of genital and pubic hair development were conducted by visual assessment followed by a physical measurement of testicular volume using Prader orchidometer beads for comparison. Puberty onset is signaled by the initial enlargement of the scrotum and testes (G2), testicular volume of 3 ml or more, or androgenic stimulation of pubic hair development (PH2).
Pubertal Hormone Levels
Levels of LH, FSH, and T were measured in serum collected in the morning (before 9 am) from boys at age 12. LH and FSH were determined by electrochemiluminescent assay. Blanks, repeats, and internal standards were included for quality assurance. The intra-and interassay CVs for both assays were less than 6 and 7%, respectively. T levels were analyzed using liquid chromatography with mass spectrometry detection after nonpolar solvent extraction. Samples were processed with inclusion of water blanks, five assay control pools, and a 200 pg standard to assess accuracy and precision of the assay. The intra-assay CV was <6% and the interassay CV was < 10%. All assays were performed by Esoterix Laboratory Services (Calabasas Hills, CA)
Statistical Analyses
Pearson's correlation coefficients were calculated to examine correlations between Alu and LINE-1 methylation at different time points, as well as between hormone levels at age 12.
We performed logistic regression models to determine the relationship of LINE-1 and Alu repeat methylation (cord and 9-y-old blood) with odds of being at an advanced stage of puberty (Tanner stage >1) at a specific age point. In girls, separate models were constructed for breast development at age 9, pubic hair development at age 10.5, and menarche at age 12. For boys, similar models were constructed for genital development at age 10.5 and pubic hair development at age 12. These ages were chosen because they were the period at which close to half of the children had reached an advanced stage of puberty (e.g., Tanner stage 2 vs. stage 1). Since BMI Z-score at age of pubertal assessment and maternal age of menarche were associated with both methylation and Tanner staging among girls, we included these two variables as covariates in the girls' models. We did not adjust for BMI Z-score in the boys' models because it was not significantly associated with methylation measurements. Furthermore, no other covariates were included in the boys' models. Linear regression modeling was performed to examine associations of Alu and LINE-1 methylation (cord and 9 y) with hormone levels (LH, FSH, and T) measured in boys at age 12. All hormone levels were natural log (ln) transformed to approximate a normal distribution. All models of hormone levels and methylation were adjusted for BMI Z-score at age 12 y. Sensitivity analyses included: (i) rerunning regression models after removal of outliers (absolute values of residuals > 3); (ii) accounting for cell heterogeneity using differential cell count in a subset of cord blood samples and Houseman estimation by minfi in 9 y olds (32); and (iii) adjusting for prenatal concentrations of organophosphate metabolites (dialkyl phosphates) in urine (41) and persistent organic pollutants, dichlorodiphenyl trichloroethane and polybrominated diphenyl ethers measured in blood (26) . Results did not change appreciably in sensitivity analyses adjusting for prenatal exposures to organophosphates, dichlorodiphenyltrichloroethane, and polybrominated diphenyl ethers.
All statistical analyses were carried out using STATA software, version 12.0 (College Station, TX). P values less than 0.05 were considered significant.
